Introduction
Phthalate esters (PAEs) are a group of chemical compounds that are widely used as plasticizers and renowned for their ability to improve the softness and flexibility of plastics. Phthalate diesters (PDEs) are the most common PAEs, including dimethyl phthalate (DMP), diethyl phthalate (DEP), dipropyl phthalate (DPP), dibutyl phthalate (DBP), butyl benzyl phthalate (BBP), dicyclohexyl phthalate (DCHP), di-n-hexyl phthalate (DHP), di-2-ethylhexyl phthalate (DEHP) and di-n-octyl phthalate (DOP). PDEs have been found to be metabolized to the corresponding monoesters by enzymes present in many tissues, such as kidney and liver. Structures of some PAEs are shown in Figure 1 .
PDEs are often classified as endocrine disruptors or hormonally active agents. The toxicological evaluation of PDEs has revealed that they are harmful to eyes, nose, throat, liver, kidneys and reproductive organs (1) (2) (3) . On the other hand, because PAEs are not chemically bound to plastic products, they can easily be released into the environment during the processes of production, manufacture, usage and disposal. Six PDEs, i.e., DMP, DEP, DBP, BBP, DOP and DEHP, are listed as priority pollutants by the US Environmental Protection Agency (EPA). The metabolism of phthalates does not usually detoxify the compounds. In addition, the 2012 report of the Chief Scientist of the UK stated that phthalate monoesters exist in some food products. There is a potential risk of PAE contamination, owing to the extensive use of PAEs in commercial and personal care production, such as electronics, building materials, medical devices, toys, detergents, perfumes and food packaging. Therefore, it is necessary to develop rapid, effective and sensitive methods for the determination of PAEs. Spectrophotometry, gas chromatography (GC), highperformance liquid chromatography (HPLC) and fluorescent spectrometry have been utilized for the determination of PAEs. The most widely used methods are chromatographic techniques such as GC with flame ionization detection (FID) (4, 5) or electron capture detection (ECD) (6) and HPLC. The merits of GC are that it is simple, rapid and sensitive in comparison with HPLC. However, GC suffers from some limitations, e.g., high column and gasification temperatures. HPLC is useful for the analysis of organic compounds, especially for isomeric mixtures and metabolites. HPLC is superior to GC when it is used for the determination of compounds with high boiling points. Mass spectrometry (MS) is also an important detection technique for PAEs; it has high sensitivity and specificity, and excludes interference from impurities. A series of GC -MS (7 -10) and HPLC-MS (11) (12) (13) (14) methods have been reported for the determination of PAEs in different matrices.
However, the direct determination of PAEs may not be possible due to the complicated sample matrix and low concentration levels. For the analysis of PAEs, accuracy and efficiency are very important because it is very difficult to have a clean reagent blank. If the levels of PAEs in the reagent blanks vary a lot, it is difficult to report a figure as the result. To solve this problem, separation and preconcentration steps are usually required before the determination. Several preconcentration techniques have been widely used to monitor PAEs, including liquid -liquid extraction (LLE), solid-phase extraction (SPE), solid-phase microextraction (SPME) and cloud point extraction (CPE). Because these techniques have their pros and cons, they are applied to the determination of PAEs according to different situations.
In the past decades, various papers have been reported about the preconcentration of PAEs. There have been some reviews about the separation or determination of various organic compounds containing PAEs (15 -19) . Guo and Kannan reviewed the challenges encountered in the analysis of PAEs in foodstuffs and other biological matrices. The authors summarized the methods available for the determination of PAEs in foodstuffs and reported the concentrations of phthalates in foodstuffs and potential sources of contamination by PAEs in the analysis of foodstuffs (20) . However, there are no reports focused on the preconcentration methods for various PAEs, which represent one of the most important kinds of endocrinedisrupting chemicals. In view of this fact, this paper reviewed recent literature ( primarily from the last five years) on preconcentration methods for PAEs combined with chromatographic analyses.
Preconcentration Procedures
Preconcentration with LLE LLE is one of the most traditional extraction methods. It is extensively utilized in separation and preconcentration procedures for PAEs in different samples (21 -23) . LLE is popular due to its simplicity, convenience and popularity. It is a mass transfer procedure from one liquid phase into another liquid phase based on their relative solubility in two different immiscible or nearly immiscible liquids. As hydrophobic solutes, PAEs can be extracted into the organic solvent phase from aqueous solutions. The extraction efficiency is affected by the proper choice of extractant, inorganic salts and sample pH. Some papers have been reported about the application of LLE for the enrichment of PAEs from aqueous media (19, (24) (25) (26) (27) (28) (29) (30) . Unfortunately, this method suffers from the disadvantages of being time-consuming and laborintensive, and requiring large volumes of samples and toxic organic solvents. It is unsafe because the detection of trace analytes is usually influenced by large volumes of toxic organic solvents. Moreover, LLE is subject to the contamination of PAEs from organic solvents when PAEs are present in trace level in certain matrices.
Preconcentration with dispersive liquid -liquid microextraction Dispersive liquid -liquid microextraction (DLLME) is a relatively novel miniaturized sample pretreatment technique. DLLME has been applied for the analysis of a large variety of organic compounds and metal ions in different samples. In this method, an appropriate mixture of extraction solvent and disperser is injected quickly into an aqueous sample to form a cloudy ternary component solvent. The cloudy solution consists of aqueous solution, extracting solvent and disperser solvent. The enriched analyte in the sedimented phase is usually withdrawn by centrifugation. In DLLME, the instantaneous mixing of the three components ensures equilibration within a few seconds because of the infinitely large interface between the fine extractor droplets and the aqueous solution. Thus, transfer of analytes from the aqueous phase to the organic phase is much faster than typical extraction equilibrium (31) .
Recently, Ma et al. (32) presented a review focused on the advances in DLLME and its applications for the analysis of organic compounds in environmental water. The primary advantages of DLLME are the simplicity of the operation, rapidity, low sample volume, low cost and high enrichment factors (EFs) (33) . DLLME has played an important role in the preconcentration of PAEs from various samples (25, 34 -42) . A typical DLLME procedure is shown in Figure 2 (41) . DLLME employs a mixture of a high-density extractant and a water-miscible polar disperser, such as chlorobenzene, dichloromethane, chloroform or carbon tetrachloride as extractants; acetone, methanol or acetonitrile as dispersers. To avoid the toxicity of halogenated hydrocarbon as extractants, ionic liquid-based DLLME was developed (34, 37) . 6 ] as the extraction solvent in DLLME for the determination of PAEs. For all of the studied analytes, good linearity was obtained with correlation coefficients ranging from 0.9892 to 0.9989. The precision of this method was determined by analyzing the standard solution at the same concentration for 10 times with a relative standard deviation (RSD) range of 7.8 -15%. However, there are two primary disadvantages of DLLME. One is that the density of the extractant should be higher than that of water in DLLME, which limits its applications. The other is the difficulty of automation due to the phase separation after centrifugation.
Preconcentration with CPE CPE is based on the separation of two isotropic phases generated from micellar systems (43) . The phase separation occurs in aqueous solutions of nonionic surfactants when heated above the so-called cloud point temperature. The micellar solution separates to a small volume surfactant-rich phase and a bulk aqueous phase. CPE offers an alternative for the separation and preconcentration of samples (44) (45) (46) (47) (48) (49) , especially for many hydrophobic organic compounds. CPE has been conducted on the enrichment of trace analytes and can overcome the problem of high matrix species. Compared with the traditional LLE method, this technique is gaining increasing attention because of its satisfactory extraction and EFs, low amounts of toxic surfactants and minimal risks in the extraction process due to non-flammable and low volatile surfactants. Moreover, there are no solvent concentration procedures in CPE, which may cause the loss of analytes. Reprinted from Talanta, Vol. 100, Ranjbari, E., Hadjmohammadi, M.R., MSA-DLLME followed by high performance liquid chromatography for determination of phthalate esters in drinking and environmental water samples, Pages 447-453, Copyright (2012), with permission from Elsevier.
Wang et al. (45) developed CPE using Triton X-114 as the extraction solvent for the determination of trace levels of PAEs coupled with HPLC. Under the optimum conditions, the method achieved preconcentration factors of 35, 88 and 111 and limits of detection (LODs) of 2.0, 3.8 and 1.0 ng/mL for DEP, DEHP and DCP, respectively, in 10 mL water samples. Experimental results for the three kinds of PAEs showed high levels of recovery and precision. Despite many benefits of CPE, the choice of surfactants often becomes a nuisance when using an HPLC system with ultraviolet (UV) detection. The reason is the appearance of a large number of peaks owing to the UV absorption of surfactants, such as Triton X-114 and PONPE-7.5. This problem was overcome by using suitable surfactants (e.g., Tergitol 15-S-7) for the pretreatment of PAEs in CPE coupled with HPLC (49). Tergitol 15-S-7 does not have any peak in UV absorbance and has a very low cloud point temperature, which is more convenient for operation. These reported results indicate that CPE has great analytical potential as an effective enrichment method.
Preconcentration with SPE
Adsorption is based on the partition between a liquid (sample matrix) and a solid phase (sorbent). As a traditional pretreatment method based on the adsorption process, SPE is usually used to clean up samples before the quantitation of analytes with a chromatographic method. The general procedure is to load a solution onto the solid phase, wash away undesired components and wash off the desired analytes with another solvent into a collection tube. Hence, the selectivity of the sorbents and development of sorbents are of key importance. Recently, various sorbents have been reported for the SPE of PAEs (50 -80) .
C18 is most familiar as a sorbent for the preconcentration of PAEs (8, 61, 71, 72) . To gain high extraction capacity, various materials were developed in biological and chemical analysis for their large surface areas and short diffusion routes, e.g., multiwalled carbon nanotubes as sorbents for the preconcentration of PAEs (80) . However, it becomes difficult that nanomaterials extract analytes from large volumes of water samples owing to the high backpressure. In recent years, some magnetic nanoparticle sorbents have been developed to overcome this drawback. Cai's groups have synthesized a series of novel magnetic nanoparticle sorbents, namely Fe 3 O 4 @C18@Ba
2þ -ALG, ALG@C18-Fe 3 O 4 -TNs and chitosan-coated Fe 3 O 4 -C18 MNPs (55, 62, 63) . They were successfully applied to the preconcentration of PAEs, in which C18 played a new role in the synthesis of magnetic nanoparticle sorbents (Figure 3 ). The advantages of the new sorbents include high extraction efficiency, short analysis time and convenient extraction procedure. The magnetic nanoparticle sorbents not only have anti-interference ability, but also can quickly deal with large volume water samples. Table I shows the analytical and statistical parameters for some C18 and C18-based magnetic materials for the preconcentration of PAEs. Additionally, many other sorbents have been applied for the preconcentration of PAEs except for the previously discussed adsorbents, such as florisil, Carbograph, bamboo charcoal, Nylon 6 nanofibers, styrene-divinylbenzene, ionic liquid mixed hemimicelles and cetyltrimethylammonium bromide-coated titanate nanotubes. Compared with LLE, the volumes of organic solvents are reduced and emulsification does not appear in SPE. Moreover, high recovery values and sample throughput, and good reproducibility can be obtained in the SPE process. Unfortunately, the sorbents are sometimes disturbed by surface degradation and column SPE is sometimes blocked. To make matters worse, analyte loss will be observed if the irreversible adsorption occurs.
Preconcentration with molecularly imprinted polymers
As a molecular recognition method, molecular imprinting technology has been increasingly developed to extract target analytes from a complicated sample matrix. Molecularly imprinted polymers (MIPs) have a predetermined selectivity for the template molecule and can be used to absorb the target molecule in the analysis process. MIPs are usually prepared by polymerization techniques by using the target molecule as the template. The obtained polymers are washed to completely remove the template. Shaikh et al. developed an MIP with selectivity for DEHP (4). The adsorption capacity showed almost no deterioration although the MIP was repeated for at least six batch adsorption cycles. He et al. also reported an MIP for when the template molecule is DBP (51) . A schematic illustration of DBP molecular imprinting procedures is shown in Figure 4 . The MIPs were synthesized through the bulk polymerization of methacrylic acid (MAA). The dissociation constants of the template-polymer system and its applications for the determination of five phthalates in soybean milk samples were investigated.
As a relatively new development for sample clean-up, MIPs as adsorbents for the preconcentration of PAEs can eliminate the interferences of the sample matrix more efficiently than traditional SPE. Yan et al. developed a new kind of imprinted microsphere via precipitation polymerization by using a diisononyl phthalate dummy template, which showed high selectivity and affinity to five kinds of PAEs (60) . The dummy molecularly imprinted microspheres overcome the serious drawback of introducing template leakage during the sample extraction procedure. The method showed very good prospects due to its outstanding advantages such as high selectivity, physiochemical stability and specific recognition against the imprinted molecules and structurally related compounds. Table II lists some parameters for MIPs as sorbents for the preconcentration of PAEs.
Preconcentration with SPME SPME is also based on sorptive extraction; i.e., the analytes are extracted from either headspace or from liquid samples into a polymeric coating material (31) . As one of the most successful microextraction techniques, SPME has been widely applied to the determination of PAEs. It combines sampling, extraction, enrichment and analysis into one step due to the extraction system can be used in a similar manner to the GC injector syringe. The advantages of this technique are that it is simple, quick, almost solvent-free and easy to automate. SPME has gradually become one of the most widely used methods for the enrichment and clean-up of PAEs .
The distribution of analytes between the matrix and the coating determines the extraction efficiency of SPME. Because the fiber coating plays a key role in SPME, the development of fiber coatings with highly efficient extraction is a primary Figure 5 .
Owing to the good selectivity and high sensitivity of this new calixarene fiber, matrix interference from the beer samples was effectively avoided and low LODs could be achieved. Many researchers are still committing to new coatings and their synthesis and applications (85, 90, 91, 96) . Table IV summarizes some novel coatings and their analytical characteristics for the determination of PAEs. Among the SPME methods, in-tube SPME system is an online extraction process that has been applied in the preconcentration of PAE samples (92 -95) . This technique uses a coated open capillary as the SPME device. For instance, Chafer-Pericas et al. (92) developed an automatic in-tube SPME method coupled to HPLC-DAD to selectively determine the most industrially used PAEs. The steps of sample preparation, preconcentration and injection were completely automated.
Compared with SPE, SPME not only maintains its virtues, but also overcomes the weakness of blocked column SPE. However, it also has some faults, including expensive fiber coating, short service life and easy cross-contamination of samples if the fibers are reused.
Preconcentration with stir bar sorptive extraction Stir bar sorptive extraction (SBSE) is based on the same principle as SPME. SBSE has three essential parts. First, the sorbent is coated on a magnetic stirring bar; second, the bar is placed in the liquid sample and stirred, after which the bar is removed and dried; last, the analytes are desorbed for detection. In SBSE, the amount of sorbent material is considerably larger than that in SPME. In contrast to SPME, the desorption process is relatively slow owing to the large amount of coating. SBSE is considered to be superior to SPME in dealing with trace concentration samples. SBSE can produce lower LODs than SPME due to its clearly higher sample capacity. There have been some reports about the application of SBSE for the preconcentration of PAEs (8, 107 -109) .
Preconcentration with other methods
In addition to the previously mentioned strategies, several other methods have been applied for the preconcentration of PAEs, e.g., accelerated solvent extraction (110) (111) (112) (113) , microdialysis enrichment (114), single-drop microextraction (5, 115, 116) , continuous flow microextraction (117), on-column enrichment (118) , monolithic precolumn enrichment (119, 120) and hollow-fiber liquid-phase microextraction (121) . Table V details these methods for the preconcentration of PAEs. Among these techniques, accelerated solvent extraction (ASE) is a new method for sample preparation that combines elevated temperatures and pressures. It is an extraction technique for the extraction of solid and semisolid sample matrices that is similar in principle to Soxhlet extraction, but the use of elevated temperature and pressure with ASE allows the extraction to be completed within a short time and with a small quantity of solvent. Monolithic precolumn enrichment, a preconcentration method based on monolithic materials, has found its applications in the determination of various organic compounds (119) . Polymer monolith microextraction (PMME) has shown several attractive features, including frit-free construction, biocompatibility, diverse surface chemistry and easy preparation with good control of porosity. Furthermore, the monolithic porous structure facilitates a convective mass transfer procedure that is preferable in extraction processes (122, 123) . For instance, a simple, sensitive, and rapid PMME-HPLC method was developed for the determination of phthalate esters in cosmetics samples (120) . DMP, DBP, DCHP and DOP in cosmetic samples were successfully determined with satisfactory LODs, RSDs and recovery values.
Comparison of various enrichment methods
According to the literature for PAEs, it is evident that SPE and SPME have been comprehensively used as accurate, efficacious and economic methods. A comparison of different enrichment methods is summarized in Table VI. As shown in Table VI , these methods have their own advantages and disadvantages in different samples. Future studies should be focused on choosing the optimum method in accordance with specific conditions. 
Conclusions
This review summarized some conventional or novel techniques in preconcentration and separation for the determination of PAEs coupled with chromatographic analysis. Each of these methods can successfully be used for the preconcentration of PAEs. It is necessary to take into consideration that none of these methods is absolutely ideal. Currently, much attention should be paid to the development of miniaturized and more time-saving, rapid, efficient and environmentally friendly novel extraction techniques. As a green extraction method, the studies using CPE should repay investigations in this field. Moreover, in DLLME, SPME and SBSE, the extraction is rarely quantitative; thus, careful calibration using the internal standard method is often needed. 
